CD1b-restricted T lymphocytes recognize a large diversity of mycobacterial lipids, which differ in their hydrophilic heads and the structure of their acyl appendages. Both moieties participate in the antigenicity of lipid Ags, but the structural constraints governing binding to CD1b and generation of antigenic CD1b:lipid Ag complexes are still poorly understood. Here, we investigated the structural requirements conferring antigenicity to Mycobacterium tuberculosis sulfoglycolipid Ags using a combination of CD1b:lipid binding and T cell activation assays with both living dendritic cells and plate-bound recombinant soluble CD1b. Comparison of the antigenicity of a panel of synthetic analogs, sharing the same trehalose-sulfate polar head, but differing in the structure of their acyl tails, shows that the number of C-methyl substituents on the fatty acid, the configuration of the chiral centers, and the respective localization of the two different acyl chains on the sugar moiety govern TCR recognition and T lymphocyte activation. These studies have major implications for the design of sulfoglycolipid analogs with potential use as tuberculosis subunit vaccines.
, glucose monomycolate (GMM) (7), glycerol monomycolate (GroMM) (8) , diacylated sulfoglycolipids (Ac 2 SGL) (9), mannosyl-␤-1-phosphomycoketide (MPM) (10, 11) , lipoglycans (lipoarabinomannan and lipomannan) (12) , and lipopeptides (13) .
T cells recognize individual mycobacterial lipid Ags presented by CD1 proteins without cross-reactivity. Earlier studies on mapping molecular determinants of the CD1b:GMM complex revealed that T cells discriminate the fine structure of the hydrophilic cap (17, 33) . This was confirmed by crystal structures of CD1 complexes with mycobacterial lipids or self-phospholipids (14 -16) . These structures show that fatty acyl groups anchor the Ag to the CD1 protein within its hydrophobic pockets while the hydrophilic part is disposed ready to contact the TCR (17) .
However, the length of the meromycolic chain also affected, to a much lesser extent, the complex process of the GMM-specific T cell response (7) , whereas no influence of the proximal and distal decorations of the meromycolic chain was detected. Indeed, Moody et al. (18) demonstrated that the alkyl chain length controls Ag entry into endosomal pathways for CD1b presentation. Thus, mycoloyl-substituted (C 80 ) GMMs were shown to be present at 3-fold higher amounts than corynemycoloyl-substituted (C 32 ) GMMs in dendritic cell (DC) lysosomes and were more efficiently presented to the TCR. The same influence of the chain length on T cell activation has been recently observed in the case of mycoloyl-and corynemycoloyl-substituted GroMM (8) .
T cell activation was also shown to be highly dependent on the fine structure of the lipid part of MPM analogs presented by the CD1c protein. Synthetic MPM analogs were prepared, incorporating polyprenyl chains where the length and absolute configurations of the C-methyl-branched carbons had been modified and used to stimulate specific T cells. It was concluded that the length, the methyl branching pattern, and the stereochemistry of the polyketide chain control the T cells response (11) . Whether this effect was related to differences in lipid intracellular trafficking, CD1c loading, TCR recognition, or a combination of these biological aspects is still not fully understood.
Direct evidence of the role of the aliphatic chain of an Ag on TCR recognition is available with ␣-galactosylceramide (␣-GalCer) (19, 20) that is presented by the CD1d protein. The influence of the length and degree of unsaturation of the alkyl chains of ␣-GalCer for the activation of invariant NKT (iNKT) cells mediated by CD1d was compelling (19, 20) . The length of the alkyl and acyl chains of ␣-GalCer influences the amounts and balance of proinflammatory vs immunomodulatory cytokines released by the iNKT cells (19) . Moreover, the length of the phytosphingosine chain controls TCR binding affinity to CD1d:lipid complexes, whereas the length and unsaturations of the acyl chain have effects on the stability of the CD1d:␣-GalCer analog complexes (20) . Taken together, these data confirm that not only the hydrophilic part but also the alkyl chain structure of glycolipid Ags influence T cell activation.
Ac 2 SGL is a lipid Ag produced by virulent Mycobacterium tuberculosis, consisting of a 2Ј-O-sulfate-␣,␣-D-trehalose core acylated at the 2-position by a palmitic (or stearic) acid and acylated at the 3-position by a hydroxyphthioceranoic acid. Hydroxyphthioceranoic acids are a family of dextrogyre multimethyl-branched fatty acids, with the most abundant homolog being an acid with a chain length of C 32 having eight branched methyl groups, with all the methyl-bearing stereocenters belonging to the L-series (9) . This mycobacterial Ag is presented to T cells by the CD1b protein (18) , which is the only CD1 isoform that is able to fully accommodate Ags with an overall acyl chain length up to C 68 (4, 8, 21) . Indeed, CD1b has the largest binding groove (2200 Å 3 ) among the CD1 proteins created from a network of three channels, AЈ, CЈ, and FЈ, that are directly accessible from the surface while a fourth TЈ interconnects the AЈ and FЈ pockets leading to a 70-Å-long super channel (14) .
Upon activation, Ac 2 SGL-specific T cells release IFN-␥, efficiently recognize M. tuberculosis-infected cells, and are able to kill the intracellular bacteria. Moreover, the presence of Ac 2 SGL-responsive T cells was observed in human donors with active or latent tuberculosis (9) . Taken together, these results render Ac 2 SGL a promising candidate for use in a subunit vaccine against tuberculosis.
Understanding the molecular mechanisms of Ac 2 SGL antigenicity, including CD1b loading and TCR recognition, is of primary importance for the generation of synthetic sulfoglycolipids (SGLs) with potential applications in vaccination studies. Indeed, low amounts of Ac 2 SGL are recovered from M. tuberculosis cultures impairing the use of Ac 2 SGL as a vaccine. We thus devised a general synthetic route to Ac 2 SGL, analogs of the natural Ag Ac 2 SGL. We prepared a collection of SGLs where the complex hydroxyphthioceranoic acid was replaced by simpler fatty acids (22) . The combination of CD1b binding and T cell stimulation assays allowed fine investigation of the structural parameters governing CD1b presentation of the SGLs to Ac 2 SGL-specific T cells.
Our findings highlight the fact that antigenicity of SGLs is finely controlled by the structures and localization of its acyl tails and unveil features by which glycolipid-specific T lymphocytes can distinguish between glycolipids sharing the same sugar moiety, but differing in their acyl-appendage structures.
Materials and Methods

Hemisynthesis
M. tuberculosis diacyltrehalose (DAT) and triacyltrehalose (TAT) were purified following the method described by Gilleron et al. for the purification of Ac 2 SGL (9). DAT and TAT were eluted with Ac 3 SGL and Ac 4 SGL. The mix of lipid compounds (127.4 mg) obtained were ethanolysed in a solution of sodium ethanolate (0.2 M) in ethanol/petroleum ether (1:2, v/v) at room temperature for 20 h. The reaction mixture was acidified with HCl solution (1 M) until pH 1.0, and the fatty esters were extracted four times with ethyl acetate/petroleum ether (1:4, v/v). The combined organic extracts were washed with water and dried over anhydrous magnesium sulfate. The solvent was removed and 107.3 mg of esters were obtained. All of these compounds were separated by "flash" column chromatography eluted with petroleum ether/ether/acetic acid (9:1:0.1, 200 ml; 8.5:1.5:0.1, 100 ml; 8:2:0.2, 100 ml). The first fractions contained multimethylated fatty esters (6 mg), and the next ones were a mixture of them with linear acids (69 mg). Finally, the multimethylated hydroxylated fatty esters were recovered (3 mg). The first fractions were pooled and saponified with 10 equivalents of KOH in ethanol/water (3:2, v/v) overnight at 80°C. The reaction was acidified with an HCl solution (1 M), the acids were extracted with ether, and the solvent was evaporated (5 mg). SGL4 was synthesized following our described general strategy (22) .
MALDI-TOF-MS analysis
Analysis by MALDI-TOF-MS was performed on a Voyager DE-STR (PerSeptive Biosystems) using its reflectron mode. Ionization was affected by irradiation with pulsed UV light (337 nm) from an N 2 laser. SGL samples were analyzed by the instrument operating at 20 kV in the negative ion mode using an extraction delay time of 200 ns. An average of 2500 laser shots were summed to obtain the final spectrum.
The HABA matrix (2-(4-hydroxyphenylazo)-benzoic acid; Sigma-Aldrich) was used at a concentration of ϳ10 mg/ml in ethanol/water (1/1, v/v). Typically, 0.5 l of SGL sample (10 g) in a CHCl 3 /CH 3 OH (4/1) solution and 0.5 l of the matrix solution, containing ϳ5-10 cation exchange resin beads, were deposited on the target.
Generation of soluble CD1b (sCD1b)
The extracellular soluble domain of human CD1b, expressed in mouse cells, was purified by anti-CD1b affinity chromatography as described in Garcia-Alles et al. (23) . For isoelectric focusing (IEF) analysis, uncontrolled proteolysis of the C-terminal extension BirA tag was prevented by removing the last 18 residues of sCD1b by treatment with the endoproteinase Lys-C (Roche).
Analysis of sCD1b protein:SGL complexes by IEF
IEF was performed in a PhastGel system (Amersham Biosciences) for 600 accumulated Volt-hours. Protein bands were stained with the Coomassie R-350.
Lipid loading onto sCD1b was measured as described by Garcia-Alles et al. (23) . Briefly, 10 -20 M sCD1b (endoproteinase Lys-C-treated) and 100 M sulfoglycolipid were shaken at 600 rpm for 1 h at 37°C in a solution containing 50 mM Na acetate, 50 mM NaCl, 1 mM DTT, 1 mM EDTA, and 10 mM taurocholate at pH 5.0. After 1 h the solution was cooled on ice and 2 l was loaded onto an IEF gel (isoelectric point of 4 -6.5). A second aliquot of 1-2 l was withdrawn for capillary IEF (cIEF) analysis (see below).
Capillary IEF
Capillary electrophoresis (CE) separations were performed on a ProteomeLab PA 800 system with UV detection, using the ProteomLab capillary isoelectric focusing kit (Beckman Coulter) . It contains a neutrally coated capillary of 50 m internal diameter (ID) ϫ 30.2 cm (20 cm effective length to the detector), cIEF gel, ampholytes, and protein standard markers. The anolyte was 100 mM H 3 PO 4 in cIEF gel (polymeric solution), and the catholyte was 20 mM NaOH in water. An aliquot of 1-2 l sample (prepared for IEF gel) was mixed with 0.9 l of ampholyte 3-10 and 0.5 l of carbonic anhydrase 0.4 mg/ml (isoelectric point of 5.9) in 50 l of cIEF gel. After filling the capillary with a sample/ampholyte mixture at 30 psi for 1.5 min, focusing was performed by applying a constant voltage of 15 kV for 6 min with normal polarity and 0.7 psi pressure both at the anode and cathode. The mobilization step was completed after 30 min at 21 kV by applying 0.7 psi pressure at the anode. During separation, the capillary temperature was maintained at 20°C, and CD1b and CD1b:lipid complexes were detected at 280 nm (24, 25) .
T cell activation assays
The Ac 2 SGL-specific and CD1b-restricted Z4B27 and Z4A26 T cell clones have been characterized previously (9) . T cell activation assays with human DCs as APCs were performed as described by Gilleron et al. (9) . Briefly, DCs (3 ϫ 10 4 /well) in RPMI 1640 medium containing 10% FCS (Invitrogen) were preincubated for 2 h at 37°C with different concentrations of sonicated Ac 2 SGL or synthetic SGL analogs before the addition of T cells (10 5 /well in triplicate). Supernatants were harvested after 18 h of incubation, and GM-CSF release was measured by ELISA (R&D Systems). Data are expressed as mean ng/ml (ϮSD) of triplicates.
For the plate-bound activation assays, 128 nmol of each sCD1b:Ac 2 SGL or sCD1b:SGL complex were used to coat Nunc MaxiSorp flat-bottom 96-well plates for 16 h at 4°C. Plates were then washed before addition of T cells (10 5 /well in triplicate) in RPMI 1640 medium containing 10% FCS. Supernatants were collected after 18 h of incubation, and GM-CSF release was measured by ELISA (R&D Systems). Data are expressed as mean ng/ml (ϮSD) of triplicates.
Results
Synthesis of Ac 2 SGL analogs with linear fatty acids
The hydrophilic part of Ac 2 SGL consists of a 2Ј-O-sulfate-␣,␣-Dtrehalose that is acylated at the 2-position with a palmitic or stearic acid, and at the 3-position with a hydroxyphthioceranoic acid ( Table I ). The most abundant hydroxyphthioceranoic homolog is an octamethyl-branched dextrogyre C 32 long chain where the stereochemistry at all methyl branches is L (26 -28) .
To generate synthetic SGLs for vaccinal purposes, we evaluated to what extent this unique hydroxyphthioceranoyl residue is required for stimulation of Ac 2 SGL-specific T cells. Therefore, a chemical approach was set up (22) in which the hydroxyphthioceranoic acid residue has been replaced by linear fatty acids of different chain length, that is, palmitic (SGL1) and melissic (SGL3) acids (Table I) . Moreover, to determine the importance of the hydroxyl group, an analog was synthesized using a 16-hydroxypalmitic acid (SGL2). All of these compounds were fully characterized by 1 H and 13 C nuclear magnetic resonance and MALDI-TOF mass spectrometry (22) .
Formation of CD1b:SGL complexes evaluated by IEF
To investigate the antigenicity of synthetic SGLs, we first monitored binding to soluble human CD1b protein in vitro (sCD1b) and then tested their capacity to stimulate Ac 2 SGL-specific T cells using DCs as APCs or plate-bound sCD1b:SGL complexes. sCD1b showed one band in gel IEF electrophoresis (Fig. 1A) and one peak by cIEF (Fig. 1B) . This form was assigned to sCD1b loaded with endogenous lipids, corresponding to phosphatidylcholine (PC) and a C 41-44 spacer lipid (23) . Incubation of sCD1b with Ac 2 SGL, either in the presence (Fig. 1) or absence of detergent (data not shown), resulted in the appearance of a second band in IEF, assigned to sCD1b:Ac 2 SGL complexes. Likewise, the electropherogram (Fig. 1B) showed an additional peak at a higher migration time. The different electrophoretic behavior of sCD1b:Ac 2 SGL complexes, in comparison to native sCD1b, arises from the isoelectric point modification caused by the displacement of the neutral endogenous PC ligand by the negatively charged Ac 2 SGL. Integration of the electropherogram peaks indicated that ϳ70% of sCD1b complexed to Ac 2 SGL (Fig. 1C) .
Both analyses supported the formation of sCD1b:Ac 2 SGL complexes. The stability of these complexes was next assessed, and no dissociation of the complexes was observed by IEF methods after B, Capillary electrophoresis analysis, illustrative electropherograms (UV 280 nm) corresponding to sCD1b alone or incubated with Ac 2 SGL, SGL3, or SGL9 in the presence of taurocholate. The first peak shows the internal standard (IS), the second peak shows sCD1b without SGL, and the third peak shows sCD1b loaded with the negatively charged SGL. C, The binding percentages of sCD1b with SGL were determined from the integration of the electropherogram peaks assigned to sCD1b and sCD1b:SGL. 
a Numbers between brackets correspond to the number of methylene units of the aliphatic linear chain. For Ac 2 SGL structure, RЈ corresponds to the most abundant homolog. Mono-, di-, and trimethyl-branched fatty acids are pure stereoisomers, while unsaturated tetramethyl-branched, pentamethyl-branched, and saturated tetramethyl-branched fatty acids are 88%, 88%, and 83% stereochemically pure, respectively. incubations at neutral pH or at pH 5 up to 18 h at 37°C (data not shown).
SGLs containing linear fatty acyl chains bind to sCD1b
IEF methods were then used to examine whether SGL1, SGL2, and SGL3 bind to sCD1b proteins and to determine the amount of sCD1b molecules loaded with the different SGLs and it was found that these SGLs bound to sCD1b with varying efficiencies (Fig. 1 , A and C). Incubation with SGL1 or SGL2, which present palmitic and 16-hydroxypalmitic acids at the 3-position (Table I) , respectively, yielded similar amounts of sCD1b:SGL complexes compared with natural Ac 2 SGL. In contrast, very inefficient binding of C 30 -acylated SGL3 was observed (ϳ20%) (Fig. 1) .
SGLs containing linear fatty acyl chains are not recognized by Ac 2 SGL-specific T cells
The antigenicity of SGL1, SGL2, and SGL3 was evaluated using DCs as APCs and T cell activation was monitored by measuring GM-CSF release. Surprisingly, none of the three synthetic SGLs was stimulatory, even at high doses (50 g/ml), while Ac 2 SGL elicited strong cytokine release ( Fig. 2A) . Similar results were obtained using Z4B27 and Z4A26 T cell clones (supplemental Fig.  1) . 5 Since SGL1 and SGL2 efficiently bind to sCD1b, we hypothesized that these two synthetic molecules failed to stimulate the Ac 2 SGL-specific T cells because they lack aliphatic-branched Cmethyl groups.
Hemisynthetic SGLs containing M. tuberculosis mycolipenic and mycosanoic acids stimulate Ac 2 SGL-specific T cells
To test our hypothesis, we synthesized SGLs containing M. tuberculosis mycosanoic and mycolipenic acyl chains. These fatty acids correspond to dextrogyre dimethyl-branched fatty acids and trimethyl-␣,␤-unsaturated-branched fatty acids, respectively, and are present in the envelope of M. tuberculosis as acyl substituents of DAT, TAT, and penta-acylated trehalose (28) . A mixture of these fatty acids was obtained by alkaline hydrolysis of M. tuberculosis DAT and TAT and introduced at the 3-position of 2-O-palmitoyl-␣,␣-D-trehalose according to the chemical approach developed by Guiard et al. (22) . The structure of the resulting hemisynthetic SGL4 was supported by 1 H nuclear magnetic resonance (data not shown) and MALDI-TOF-MS (Fig. 3A) spectra. SGL4 appeared as a mixture of mycosanoic and mycolipenic acid-substituted SGLs. The two most abundant SGLs of the mixture are acylated with a C 22 -mycosanoic and a C 24 -mycolipenic acids (mass-tocharge ratio (m/z) of 1009.5 and 1049.6, respectively, Fig. 3B ). Minor SGLs substituted by a C 22 -mycolipenic acid homolog (peak at m/z of 1021.5) and a C 24 -mycosanoic homolog (m/z of 1037.6) were also detected in the mass spectrum. Additionally, SGL4 mass spectrum showed the presence of SGLs diacylated by conventional C 16 (Fig. 3A) .
When tested with Ac 2 SGL-specific T cells, in contrast with SGL1, SGL4 was stimulatory, although to a lesser extent than natural Ac 2 SGL (Fig. 2A) . The main difference between SGL4 and SGL1 arises from the presence of di-and trimethyl-branched C 22 or C 24 fatty acyl groups at the 3-position of the trehalose-sulfate of SGL4, instead of palmitic acid in SGL1. This observation strongly suggests that the methyl-branched groups are critical to confer antigenicity to Ac 2 SGL analogs. We speculate that the stronger antigenicity of Ac 2 SGL, compared with that of SGL4, might result from the larger number of methyl groups on the most abundant hydroxyphthioceranoic acid homolog (Table I and Fig. 3B ).
The number of C-methyl-branched groups controls the antigenicity of the SGLs
To test whether the number of methyl-branched acyl appendages influences immunogenicity, dextrogyre multimethyl-branched saturated and ␣,␤-unsaturated fatty acids were synthesized and were coupled to the 2-O-palmitoyl-␣,␣-D-trehalose derivative leading to 5 The online version of this article contains supplemental material. the corresponding SGLs (22) (Table I) . Thus, mono-, di-, tri-, and tetramethyl-branched saturated and ␣,␤-unsaturated dextrogyre fatty acids, plus the pentamethyl-branched unsaturated fatty acid, were generated after coupling to the 2-O-palmitoyl-␣,␣-D-trehalose (SGL5 to SGL13, Table I ).
The binding of each SGL to sCD1b was investigated by the previously described IEF methods and compared with that of Ac 2 SGL. The entire family of newly synthesized SGLs bound efficiently to sCD1b (Fig. 1, A and C) , independent to the number of C-methyl groups. However, in the ␣,␤-unsaturated series, a decrease in the amount of complexes was observed from 80% to 50% when the number of methyl-branched groups increased from two to five (Fig. 1C) .
When presented by DCs, SGLs esterified with saturated methylbranched fatty acids required at least two methyl ramifications to stimulate Ac 2 SGL-specific T cells. The activity drastically increased with SGL8, which is characterized by the presence of a tetramethyl-branched fatty acid (Fig. 2B) . Likewise, in the case of the SGLs esterified with ␣,␤-unsaturated methyl-branched fatty acids, T cell response was observed for SGL10, and progressively increased for SGL11 and SGL12 (Fig. 2C) . Therefore, a direct correlation was observed between the ability of SGLs to stimulate Ac 2 SGL-specific T cells and the number of methyl-branched groups on the aliphatic tail at the 3-position of the 2-O-palmitoyltrehalose-sulfate core. However, SGL13 with five methylbranched groups showed the same stimulatory capacity as SGL12 (Fig. 2C ), suggesting that above four methyl groups the presence of additional ramifications does not improve antigenicity.
In conclusion, SGL12, which is characterized by the (4S,6S,8S)-2,4,6,8-tetramethyltetracos-2-enoyl appendage, and SGL13, by the (4S,6S,8S,10S)-2,4,6,8,10-pentamethylhexacos-2-enoyl appendage, are the most active tested synthetic SGLs. They showed similar efficacy to that of Ac 2 SGL since all three SGLs induced release of similar amounts of GM-CSF by stimulated T cells (Fig. 4A) . However, both SGL12 and SGL13 were less potent than Ac 2 SGL since slightly larger doses were necessary to induce the same cytokine release. These effects are clearly depicted by the Lineweaver-Burk plot of the same data (Fig. 4B) . A second conclusion is that SGLs with ␣,␤-unsaturated methyl-branched fatty acids are more active than the corresponding ones with saturated fatty acids despite the hydroxyphthioceranoic acid of Ac 2 SGL being a saturated fatty acid (Fig. 2, B and C) .
Taken together, these findings indicate that methyl-branched decorations of the acyl chain located at the 3-position of the SGLs govern activation of Ac 2 SGL-specific T cells.
The length of the conventional acyl chain at the 2-position of the trehalose core modulates SGL antigenicity
To obtain further insight into the role of acyl appendages for SGL antigenicity, we studied whether the length of the linear acyl chain located at the 2-position of trehalose unit would affect binding to sCD1b and/or T cell activation. Two other SGLs were synthesized. They share the same (4S,6S,8S)-2,4,6,8-tetramethyltetracos-2-enoyl appendage at the 3-position but differ by the length of the acyl chain at the 2-position, which is C 8 in SGL14 and C 24 in SGL15 (Table I) . Substitution of C 16 by the longer (C 24 ) chain, but not by the shorter (C 8 ) acyl chain, led to a drastic reduction of the amount of sCD1b:SGL complexes (Fig. 1, A and C) . Only 20% of sCD1b:SGL15 complexes were formed, while 50% of sCD1b: SGL14 complexes were obtained (Fig. 1C) . DCs pulsed with SGL15 failed to stimulate Ac 2 SGL-specific T cells, while SGL14 was active, albeit less than SGL12 (Fig. 2D) .
The unexpected low binding of SGL15 to sCD1b most likely reflects the difficulty of accommodating a C 24 aliphatic chain inside the CЈ channel of CD1b assuming that SGL multimethylbranched long chains are inserted into the AЈ pocket. This hypothesis is further supported by the data obtained with the SGL16, which carries a dimethyldocos-2-enoyl chain (C 22 long) at the 2-position and a palmitoyl group at the 3-position (C 16 ) (Table I) . This compound bound to sCD1b with similar yield than its regioisomer SGL10. Up to 80% of sCD1b complexes were formed with both SGL16 and SGL10 (Fig. 1, A and C) , indicating that acyl chain swapping does not alter binding to CD1b. However, DCs pulsed with SGL16 were not able to stimulate Ac 2 SGL-specific T cells (Fig. 2D) . Altogether, these data demonstrate that SGL antigenicity requires a short aliphatic chain (at least ϽC 22 ) at the 2-position of the trehalose core, and a multimethyl-branched-saturated, or ␣,␤-unsaturated, fatty acyl appendage at the 3-position. Similar results to those reported in Fig. 2 were obtained with a second Ac 2 SGL-specific T cell clone (supplemental Fig. 1 ).
The stereochemistry of the methyl-branched fatty acid chain is sensed by the TCR
Hydroxyphthioceranoic acids are dextrogyre methyl-branched saturated fatty acids (28) . To understand the contribution of chiral carbon stereochemistry to T cell recognition, the analog SGL17 was synthesized by coupling the levogyre (R)-2,4-dimethyldocos-2-enoic acid to the 3-position of 2-O-palmitoyl-␣,␣-D-trehalose (Table I) . We could then compare the behavior of SGL17 with SGL10, as the only structural difference between them is the absolute configuration of the chiral carbon of the acyl chains. Binding to sCD1b occurred to a similar extent with both SGLs (Fig. 1,  A and C) . In contrast, only DCs pulsed with SGL10 were able to A, DCs were preincubated with natural Ac 2 SGL or synthetic SGL analogs before addition of T cells. GM-CSF release was used to quantify T cell activation and expressed as the mean ng/ml (ϮSD). The data are representative of three independent experiments. B, Lineweaver-Burk plot comparing efficacy (y-axis intercept) and potency (x-axis intercept) of Ac 2 SGL, SGL12, and SGL13.
stimulate Ac 2 SGL-specific T cells (Fig. 2D) , demonstrating that the configuration of the aliphatic chiral carbons affects T cell but not CD1b binding.
Stimulation of Ac 2 SGL-specific T cells by plate-bound sCD1b:SGL complexes
The reduced potency of the most active synthetic SGLs (SGL12 and SGL13), compared with Ac 2 SGL, as well as lack of activity of some SGLs that proved capable of binding to sCD1b in vitro (i.e., SGL1, SGL2, SGL5, or SGL9), might be ascribed to events occurring in living APCs. Differences in Ag trafficking to late endosomes (7) or in Ag loading onto CD1b in vivo may affect antigenicity. To exclude such possibilities, the capacity of plate-bound sCD1b:SGL complexes to stimulate T cells was investigated. Plate-bound sCD1b complexed with Ac 2 SGL induced strong T cell activation (Fig. 5) . Control groups, stimulated with unloaded sCD1b or without sCD1b, were not stimulatory, thus confirming the Ag-specificity of T cell response.
Similar to the results obtained with DCs, the sCD1b complexes with SGL1, SGL2, or SGL3, characterized by the absence of multimethyl-branched fatty acids, were not able to stimulate the Ac 2 SGL-specific T cells. Since the complex with SGL1 was found to be stable for up to 18 h (data not shown), and the stability of complexes formed with more hydrophobic analogs is expected to increase, the lack of stimulation is unlikely to be due to sCD1b: SGL complex dissociation occurring during T cell activation. These data confirm that these SGL analogs are not active because they do not efficiently stimulate the specific TCR.
The sCD1b complexes formed with SGL8 and with SGL10 -SGL13 were as active as the sCD1b complexes formed with the natural Ac 2 SGL, whereas sCD1b:SGL7 complexes were less active (Fig. 5 ). When these data were compared with those obtained with living DCs, a good correlation was observed, as only SGL10 was more stimulatory in the plate-bound assay than with DCs. Whether this difference is due to a more efficient formation of complexes in vitro or to unique SGL10 trafficking properties will be the subject of future studies.
In conclusion, plate-bound assays confirmed: 1) that SGLs carrying linear acyl chains form stable complexes and are not active because they lack methyl-branched groups on the acyl chain; 2) the decisive role of the aliphatic methyl-branched groups and of the chirality of the fatty acid at the 3-position of the trehalose (SGL17 vs SGL10); 3) the TCR sensitivity to length changes of the acyl chain at the 2-position of the trehalose (SGL15 and SGL14 vs SGL12); and 4) the dramatic effect of aliphatic tail permutation at the 2-and 3-positions (SGL16 vs SGL10).
Discussion
Ac 2 SGL is only produced by virulent M. tuberculosis strains and stimulates CD1b-restricted T cells (9) . Here, we show how the fine structure of the aliphatic part of Ac 2 SGL controls the response of specific T cells. This is important for understanding basic rules of this sulfoglycolipid antigenicity and to design structurally simplified analogs to be used in vaccination against tuberculosis.
Based on crystal structures of CD1b:ligand complexes and on antigenicity studies made on GMM stereoisomers, it was proposed that the sugar moiety interacts directly with the TCR of GMMspecific CD1b-restricted T cells (14, 16, 17) . By analogy, we assumed that the trehalose sulfate core of the Ac 2 SGL interacts with the TCR, which is in agreement with the fact that desulfation of the Ac 2 SGL abrogates activation of specific T cells (9) . In the present study, we provide more insight into how acyl appendage structures control the loading of Ac 2 SGL onto CD1b proteins and alter TCR recognition.
Ac 2 SGL is characterized by the presence of a dextrogyre multimethyl-branched fatty acid, assigned for the most abundant homolog, to C 40 -hydroxyphthioceranoic acids, at the 3-position of a 2Ј-O-sulfate-␣,␣-D-trehalose, with the 2-position being acylated by a palmitic or stearic acid (9) . We synthesized analogs with the same trehalose sulfate core and systematically changed the type of aliphatic chains (2) . Each analog was tested using three different assays, namely loading of SGLs onto soluble CD1b and T cell activation with both living DCs and plate-bound recombinant sCD1b.
From these experiments, we now propose three experimentally supported rules governing Ac 2 SGL antigenicity, which may be extended to other mycobacterial glycolipid Ags for the design of future glycolipid-based subunit vaccines.
The first rule is that the type of aliphatic chain is sensed by the TCR. Replacement of the multimethyl-branched fatty acid appendage by conventional fatty acids, that is, palmitic (SGL1) or hydroxypalmitic (SGL2), prevents T cell stimulation, but not binding to CD1b. Thus, regardless of the chain length (C 16 or C 30 ), these SGL variants are not antigenic when presented by professional APCs such as DCs or plate-bound CD1b:SGL complexes. Since SGL1 and SGL2 bind to sCD1b and form stable complexes but are not stimulatory, they most likely do not engage the TCR. Previous studies provided initial evidence that acyl appendages affect T cell stimulation (11, 29, 30) . Short-chain ␣-GalCer analogs were also reported to behave as weak agonists (31) and to generate complexes with CD1d that interact with low affinity with the TCR (20) .
The second important rule is that the T cell stimulatory activity of SGLs depends on the presence of methyl-branched groups on the aliphatic tail at the 3-position of the trehalose sulfate. T cell activation using DCs or plate-bound complexes was observed with Ac 2 SGL analogs containing at least two C-methyl branches in the fatty acid. Additionally, plate-bound assays prove that the lack of antigenicity of SGL1 arises from unproductive interaction with the TCR, rather than being the consequence of reduced trafficking toward late endosomes. At least two hypotheses can be proposed to explain such TCR sensitivity: 1) insertion of the methyl-branched motif inside the CD1b pocket might induce discrete conformational changes of CD1b amino acid residues directly contacting the TCR; 2) alternatively, by analogy to the structural model CD1d: ␣-GalCer proposed by McCarthy et al. (20) , the aliphatic methylbranched groups could cause a repositioning of this acyl chain in the AЈ channel, altering the position of the trehalose sulfate. Both possibilities explain the lack of antigenicity of SLG17 that binds efficiently onto CD1b but differs from the active SGL10 only in the absolute configuration of the C-methyl chiral carbon atom. However, both hypotheses do not take into account the possible copresence of the lipid spacer (23) , which also might participate in fine positioning of the SGL polar head. How the aliphatic methylbranched groups control the recognition of SGLs by specific TCR will be disclosed only by the crystal structures of the sCD1b with bound SGL12 and of the sCD1b-SGL-TCR ternary complexes. Our data also show a parallel increased T cell response with the increased number of up to four methyl-branched groups. Moreover, SGL analogs with four (SGL12) or five (SGL13) methylbranched groups are active in a similar manner, suggesting that the proximal methyl-branched groups are more important for T cell response. This assumption is in line with a previous study showing that meromycolic decorations have no significant effects on T cell response to GMM (7) since the proximal decoration separated from the hydrophilic cap by at least 17 methylene units was found deep inside the CD1b hydrophobic pocket (16) .
Although SGL12 and SGL13 are strong Ag analogs, they show lower potency than natural Ac 2 SGL (Fig. 4) . Natural Ac 2 SGL is a complex mixture of acylforms arising from variable chain length and number of methyl-branched groups of the fatty acid located at the 3-position of the trehalose-sulfate core, with the most abundant being a C 32 chain length with eight methyl-branched groups. Conversely, SGL12 has a short C 24 fatty acid with only four methylbranched groups. Since the increase of the number of methyl groups from four (SGL12) to five (SGL13) does not appear to improve potency, we ascribe the difference of potency between Ac 2 SGL and SGL12 to a chain length effect. A longer chain might enhance binding affinity to CD1b and promote trafficking of Ac 2 SGL to late endosomes/lysosomes where CD1b loading occurs compared with SGL12, as reported with GMM (18) . Although less potent, SGL12 and SGL13 show higher efficacy than natural Ac 2 SGL. A lower potency and higher efficacy suggest that SGL12 and SGL13 form stimulatory complexes with CD1b less efficiently than the Ac 2 SGL mixture, but these complexes induce stronger T cells responses.
The third rule reveals that the length of the aliphatic tail at the 2-position appears also to control antigenicity. Indeed, SGL10, SGL12, and SGL13, presenting a C 16 acyl chain at the 2-position and multimethyl-branched C 22 /C 24 at the 3-position, bind to CD1b and stimulate T cells. The introduction of a short fatty acid at the 2-position of the trehalose core (C 8 , SGL14) preserves binding to sCD1b, but dramatically decreases T cell stimulation. In contrast, the presence of two C 24 long fatty acids at the 2-and 3-positions (SGL15) abolishes both binding to sCD1b and T cell recognition. Finally, the efficient CD1b-binding of the otherwise inactive SGL16, characterized by a C 16 in the 3-position and a multimethyl-branched C 22 in the 2-position, confirms that SGL activity requires the palmitic chain at the 2-position of the trehalose-sulfate core.
Where this short chain is inserted in the network of CD1b hydrophobic channels is not yet known. Crystal structures of CD1b in complex with phosphatidyl inositol, GM2 ganglioside, or GMM (14, 16) reveal that the longest alkyl chains enter the groove through the AЈ pocket, while the shortest chains occupy the CЈ pocket. Accordingly, the palmitic chain of bound SGL analogs is expected to occupy the CЈ channel, with the multimethyl-branched long chain being accommodated into the AЈ and TЈ channels. In light of these assumptions and from our findings, we propose that CЈ pocket behaves as a molecular ruler that prevents binding of aliphatic chains with lengths above 18 carbons. This hypothesis would explain that anchoring of SGL15 by sCD1b becomes unfeasible, whereas tail swapping in SGL16 would dictate a rotated disposition of the trehalose-sulfate epitope above the CD1b groove that is incompatible with TCR recognition.
This hypothesis implies that the CЈ pocket portal of the CD1b-SGL complexes analyzed in Fig. 5 must be in closed state. This is in accordance with the recent crystal structure of natively folded CD1b (23) , but it contrasts with previous crystallographic structures obtained from in vitro refolded CD1b that point to the existence of a CЈ portal (14, 16) . The presence of an open CЈ pocket portal was also proposed by studies showing that GMM with a C 24 ␣-mycolic chain stimulates specific T cells without trimming of this acyl chain (32) . These apparently conflicting results might be explained with the possibility that opening/closure of the CЈ pocket could be triggered in response to the structure of the bound Ag.
In a recent publication (11) , the importance of acyl chains with methyl-branched groups has been described for MPM, a group of CD1c-presented mycobacterial Ags. Similar to the response to Ac 2 SGL, the response to MPM is strictly dependent on the chiral configuration of the methyl-branched groups. Our studies are in line with this possibility and extend this type of recognition to lipid Ags presented by CD1b. Additionally, our findings show that an unnatural chiral configuration does not prevent binding to CD1b, but instead directly affects TCR activation. Importantly, these dextrogyre multimethyl-branched fatty acids are synthesized by M. tuberculosis cells and not by mammalian cells. Thus, as originally suggested by Moody et al. (17) , the immune system might also discriminate microbial from host glycolipids by recognizing the presence of acyl appendages unique to microbial lipid Ags.
The conclusions reached in the present study are established from studies performed with two sulfoglycolipid-specific T cell clones. Nevertheless, we cannot exclude the possibility that engagement of other Ac 2 SGL-specific TCR could depend on additional structural constrains in the hydrophobic part of this Ag.
In conclusion, studies combining Ag binding to CD1 and T cell activation assays clarify what requirements are necessary for binding to the Ag-presenting molecule and for productive TCR engagement. This information is needed for designing strong agonist lipid molecules to be used as subunit vaccines against tuberculosis. Our results highlight the role played by acyl appendage structures, including length, presence of methyl-branched groups, and stereochemistry, in stimulating specific T cells. Immunization studies with SGLs will allow investigation of how these structural modifications affect priming, expansion, and memory of T cells reacting to the natural mycobacterial Ac 2 SGL Ag.
